regulates the p-globin gene expression by blocking the interaction of Bachl with the MAREin the LCR in erythoid cells.
I ntr oducti on
The biochemical role of heme is related to either the transport or the utilization of oxygen and therefore, heme exerts regulatory effects on various cell functions that sense oxygen. In addition, oxygen is an essential requirement of heme biosynthesis. In yeast, heme regulates the expression of genes involved in the respiratory chain, heme biosynthesis and oxidative stress, at the transcriptional level, via heme-responsive transcription factors HAP1 and HAP2/3/4/5p (1) . In mammals, heme has a profound effect on the proliferation and differentiation of hematopoietic progenitors:
Heme not only is incorporated as a structural component of hemoglobin, but also causes an increase in the expression of globin as well as enzymes of the heme biosynthetic pathway in erythroid cells (2) (3) (4) . Hemin treatment also increases both the number of transferrin receptor and ferritin content (5, 6 ). Thus, heme plays a key role in the coordinated expre ssion of several genes during erythroid differentiation.
The human globin gene cluster spans a region of 70 kb containing five developmentally regulated genes including e, Yg> Ya» $, and | 3. The entire region is controlled by the micro-locus control region (ULCR) (7). Namely, high-level expression of globin genes requires the ULCR, an upstream region that enhances globin gene transcription and insulates the locus from the influence of flanking elements (8.9).
Evidence from chickens and transgenic mice indicates that switching of the globin genes involves competition between globin promoters for enhancement by the U.LCR (9). The human and mouse LCR located upstream of the e-globin gene consist of 4 and 6 DNase I hypersensitive sites (HS), respectively (10). Nuclear extracts were incubated with 32P-labeled probe (35,000 cpm) in a reaction buffer containing 25 mM HEPES, pH 7.9, 0.5 mM EDTA, 50 mMKC1, 10 % glycerol, 0.5 mMDTT, 0.2 mMPMSF and 100 ug/ml poly(dI-dC) (26) . After a 10-min incubation at 37°C, the reaction mixture was loaded onto 4% polyacrylamide gels containing 50 mM Tris, 380 mMglycine and 1 mM EDTA, pH 8.5, and electrophoresed at 100 V at room temperature. The gels were exposed to X-ray film at -80 V. The increase in P-globin mRNA upon the differentiation of MEL cell was markedly inhibited when the cells were cultured with 1 mM SA in addition to DMSO. These obstacles were reversed by culture with 50 jiM hemin, suggesting that the expression of P-globin mRNA in MEL cells is controlled by heme irrespective of whether cells are induced to differentiate or not.
To clarify whether the heme-dependent expression of P-globin mRNA is regulated at the transcriptional level, we investigated the effect of SA on the human P-globin gene promoter/LCR reporters in human erythroleukemia K562 cells. The reporter plasmid pGLPp contains the upstream 836bp of the human p-globin gene while pGLCRhP was made by inserting human ULCR (28) into pGLPp (19). The reporter activity was weak in pGLpp-transfected K562 cells and no change in the activity was observed on treatment with 1 mM SAor 50 |a,M hemin for 16h (Fig. 3A) . The reporter activity was strengthened when pGLCRhP was transfected, consistent with the enhancer activity of the ULCR. The [iLCR-dependent reporter gene activity decreased to 60% when the culture was treated with 1 mM SA. This loss of reporter activity was restored upon the addition of 50 \iM hemin. To confirm these observations in other cells, MEL cells were transfected with pGLPp and pGLCRhP, and effects of SA and hemin on the reporter activity were also examined. As shown in Fig. 3B , the decrease in pGLCRhP activity caused by SA, and its cancellation by hemin, was similar to that in K562 cells.
In contrast, when Balb/ 3T3 cells were examined, neither the ULCR-dependent activation nor the SA-dependent inhibition of the p-globin gene reporter was observed (Fig. 3C) . Thus, heme induces the expression of the p-globin gene by stimulating the enhancer activity of the P-globin LCR in erythroid cells. in the (iLCR were compared using cells treated with SAor hemin. As shown in Fig.   4A , the basal activity of pGLCRhPHS2mut in K562 cells was significantly less than that of the wild type control pGLCRhp. Moreover, the reporter activity of pGLCRhpHS2mut was not affected by SAor hemin. When MEL cells were induced to differentiate with 2% DMSO for 24h, the reporter activity of pGLCRhp was markedly increased as compared with that in uninduced cells (Fig. 4B) . The reporter activity of pGLCRhp was inhibited by SA and the effect of SA was cancelled by simultaneously adding hemin. In contrast, the reporter activity of pGLCRhpHS2mut did not change significantly in the presence of SAor SAplus hemin (Fig. 4B) . Fig. 5A ).
In contrast, the repressor activity of BachlmCPl-6 was not affected by hemin treatment. As shown in Fig. 5B , the repressor activity of Bachl further dropped in SA-treated cells. Unlike the case for the wild type Bachl, the reporter activity was not further reduced by SA in BachlmCP 1-6 expressing cells (Fig. 5B) .
When Bachl was expressed in MEL cells, a heme-dependent regulation of the LCR activity, similar to that in the case of K562 cells, was observed (data not shown). These results suggest that Bachl regulates the heme-dependent activity of the HS2 enhancer.
Finally, we conducted a conventional gel-shift assay using a synthetic oligonucleotide probe containing a MARE from the chicken P-globin 3' enhancer to examine whether the DNA binding activity of endogenous Bachl is indeed regulated by heme. To characterize the binding of Bachl and p45 NF-E2, the MARE probe was ll incubated with nuclear extracts of untreated and DMSO-treated MEL cells. As reported previously (18), we observed two specific retarding bands (Fig. 6A, lane 2) .
The upper band disappeared upon preincubation of the nuclear extracts with anti-MafK (Fig. 6C) .
Discussion
The present study showed that Bachl plays an important role in the differentiation of erythroid cells and directly regulates the expression of f$-globin, mediated by hemin.
The expression of (3-globin mRNA was reduced when the synthesis of heme in uninduced and DMSO-treated MEL cells was blocked by treatment with SA or DFO.
Exogenously added hemin restored the level of (3-globin mRNA. These findings were similar to previous observations that the expression of globin chains in MEL and human erythroid progenitor cells was reduced when these cells were cultured with SA (29,30).
Using a promoter assay of P-globin, the present study confirmed that the expression of P-globin mRNA is regulated by hemin at the transcriptional level.
There are also many reports that heme induces erythropoiesis by the coordinate expression of a-, and p- This is supported by the finding that the expression of Bachl and BachlmCPl-6 led to a decrease in the activity for the LCR enhancement, but the hemin-dependent restoration of the ULCR activity was only observed in wild type Bachl-expressing cells (Fig. 5) .
Similarly, a recent study (21) clarified the mechanisms involved in the induction of 
